Abstract-The paper presents a study of dynamic thermal processes in ultra-high-speed microgenerators power of 55 W with the rotational speed of 800,000 rpm for UAV. A large-scale study of current works devoted to this topic were done where the main shortcomings were identified. A mathematical description of heat exchange processes in microelectromechanical energy converters with a flight time of no more than 10 minutes was developed in a non-stationary formulation. A study of the thermal state of the microgenerator operating in a short-term mode without a special cooling system is conducted. An experimental study of the heating dynamics of its active parts is carried out using the method of physical analogies. On the basis of experimental studies, the FEMM model is verified. Afterwards, combined electromagnetic and thermal calculations of microgenerator are conducted.
calculations of stationary processes in the MEEC with a frequency of 1,000,000 rpm using thermal schemes. In the work of Tüysüz et al. [6] , an optimal cooling system of MEEC was chosen. At the same time, the work of Celeroton does not pay attention to studies of non-stationary thermal processes in MEEC.
IHI Corporation has created a microturbine system with a microgenerator. The device contains an oil-free gas turbine with an ultra-high-speed generator integrated into it. The rotor speed of the microgenerator is 400,000 rpm, and power is 400 watts. Microgenerator type is magnetoelectric, and bearing supports are gas-dynamic [7] . IHI has paid a lot of attention to the creation of thermal resistance between the turbine and the MEEC, but the thermal investigation of the MEEC is not considered.
Robot/Mechatronics Research Center is working on the development of a microturbine plant with a 500 W microgenerator and a rotational speed of 400,000 rpm for powering UAV. The stator of this generator is made with 6 slots and 3-phase winding laid in it. The shroud of the rotor is made of the Inconel 718 alloy, and Sm 2 Co 17 is used as the rotor magnets (bipolar system). Bearings used in this microgenerator are gas dynamic [8] . Thermal processes in MEEC in this work are also not disclosed.
Stanford University in conjunction with MDOT Aeronautics is developing an ultra-high-speed MEEC with permanent magnets with a power of 400 W and rotor speed of 800,000 rpm for UAV [9] . The publications of the team are mainly devoted to the design of the MEEC and its electromagnetic calculations. Thermal studies of MEEC are not listed.
Onera [10] has created a microturbine system with a MEEC whose dimensions do not exceed 20 mm in length and 25 mm in diameter. MEEC is made in the form of an electric machine with a slotless stator made of amorphous steel and an internal rotor with high-coercivity permanent magnets (HCPM) of Sm 2 Co 17 brand. The power of this MEEC is 55 W at a nominal rotor speed of 840,000 rpm, and the main purpose of this MEEC is the power supply of autonomous objects. MEEC of Onera does not have a cooling system and is operated in a short-term mode (30 minutes); the resource of this MEEC is 100 cycles.
The main attention in publications above is paid to the research of the MEEC control system, the rotor dynamics, the optimization of parameters and efficiency. However, not enough attention is paid to the thermal state of the MEEC and the processes taking place in the MEEC with the temperature change of its active parts. It is worth noting that an incorrect evaluation of the thermal state of the MEEC can lead to its overheating and failure of the entire UAV.
Our research team has faced the problem of thermal studies of MEEC when designing microgenerator for UAV with a flight time of 10 minutes and a wingspan of 15 cm. Our industrial partner has posed the task to develop a microgenerator power of 50-70 W with a rotor speed of 800,000 rpm. The microgenerator should have a minimum weight and be designed for a running time of not more than 10 minutes. In this case, the cooling system of the microgenerator was absent to minimize the weight of the UAV. We needed to study the dynamic thermal state of the MEEC during the entire UAV flight.
Studies of thermal processes in electric machines with permanent magnets are given in [6, [11] [12] [13] [14] [15] . In [11] [12] [13] , general approaches and methods of studying thermal processes are given. Some modeling methods are used in calculating the losses and temperature distributions in electric machines with permanent magnets are given in [14] . However, this does not consider methods that allow solving the MEEC problems. Combined approaches of the thermal and electromagnetic calculations of electric machines are given in [15] , but at the same time MEEC is not considered. In the work [6] by Tüysüz et al., the problem of studying the steady thermal state and cooling systems of MEEC is solved using the example of an electric machine with a power of 1 kW and rotor speed of 280,000 rpm. At the same time, this paper does not pay attention to MEEC studies working in the short-term mode and to the change in losses in the elements of the MEEC under the action of temperature. These problems caused by the fact that thermal calculations of electric machines use either a thermal scheme method or FEMM methods. However, when it comes to MEEC working for short time FEMM methods and methods of thermal schemes can lead to inaccuracies especially when the problem is dynamically formulated.
Therefore, the thermal processes in the MEEC for an UAV with a flight time of no more than 10 minutes are described mathematically in this paper. In the mathematical description, the Fourier equations are used. After that, a study of the thermal state of the MEEC operating in a short-term mode without a special cooling system is conducted. Moreover, experimental studies of the heating dynamics of its active parts are performed using the method of physical analogies. The method of physical analogies is verified by the results of the experiment data obtained in the thesis of Zwyssig. The FEMM model is verified on the basis of experimental studies and then combined electromagnetic and thermal calculations of MEEC are conducted. In other words, this work uses the imposition of two methods of modeling -FEMM and physical analogies. The effect of the thermal state of the MEEC on its efficiency is determined based on the results of combined thermal and electromagnetic calculations.
This aspect of our work is also very important for the practical design of MEEC. The temperature of stator steel, rotor magnets and winding will change since the losses will not remain constant in time with increasing temperature of the MEEC. This will lead to a change in the MEEC power during operation. These changes may not affect the work processes of traditional electric machines with large dimensions. In view of the small geometric dimensions and low power of MEEC, these changes can affect the operation process not only of the MEEC itself but also of the power supply system of the entire UAV. Therefore, they must be taken into account and evaluated already at the design stage.
This paper is structured as follows. In the first stage, thermal processes in the MEEC are described mathematically. After that, a study of the thermal state of the MEEC and the change in its losses due to temperature are performed by the method of physical analogies. Based on these changes, a combined electromagnetic model is obtained with the help of FEMM.
The geometric dimensions and the main losses in the elements of the studied MEEC are considered by us in [16] and presented in Table 1 . Figure 1 shows the external appearance of the MEEC for a UAV. 
MATHEMATICAL DESCRIPTION OF PROCESSES IN MEEC
The initial stage of our research was the development of a mathematical description of heat exchange processes in MEEC. This problem was solved in a non-stationary formulation. The active part of MEEC was divided into several zones, each of which is characterized by its thermal characteristics. Then using the Fourier equations, one can describe the thermal processes for each zone.
The heat exchange between the stator winding and steel is described by a system of equations:
where P fe , P m are the losses in the steel and winding of the stator, respectively; Q 0 is the air mass flow rate; Θ 1 , Θ 2 are the temperature of the stator steel and winding, respectively; Θ a.t. is the ambient temperature; S 1cf is the area of conjugate facets; S cu is the winding cross-sectional area; c fe , c cu , c 0 are the specific heat of stator steel, stator winding and air, respectively; α fe , α cu are the heat transfer coefficient of stator steel and winding, respectively; m fe , m cu are the mass of steel stator and winding respectively; t is time.
The thermal interaction between the stator and rotor bandage is determined by a system of equations similar to Eq. (1), taking into account the detected features of the thermal processes of the MEEC:
where Θ b.r. is the bandage temperature; Q 0 is the air mass flow rate; m b.r. is the bandage mass; S 2 is the area of conjugate facets; c b.r. is the specific heat capacity of the bandage; α b.r. is the coefficient of heat transfer of the bandage. The systems in Eqs. (2) and (3) show that the heating of the bandage can be caused both by losses in the stator steel and by the winding. In Eqs. (2), (3), it is assumed that there are no internal losses directly in the rotor bandage which is typical for the slotless MEEC with toroidal winding [5] .
Thermal interaction of the HCPM and rotor bandage is described by analogous expressions:
where Θ HCPM is the temperature of HCPM; m HCPM is the mass of HCPM; S 3 is the area of conjugate facets of HCPM-bandage; c HCPM is the specific heat capacity of the HCPM; α BΠM is the thermal diffusivity of HCPM. Thus, it is possible to calculate the heat exchange processes in the MEEC with non-stationary operating modes using the obtained system of equations. To solve these equations, the commercial package Matlab Simulink was used. The results of comparing the analytical calculations to the experiment will be given below.
EXPERIMENTAL STUDIES

Experimental Studies of the Thermal State of MEEC
Physical model of this MEEC has been developed to study the thermal state, (Figure 2 ) with the geometric dimensions shown in Table 1 . The real rotating machine is replaced by a static one, so the winding is placed on the rotor for simulation of eddy currents losses. As can be seen from Table 1 , a large part of the losses (12.51 Watts, 75% of total losses) occurs in the rotor and shaft (losses in bearings, rotor losses on friction of air). The physical model consists of a rotor (permanent magnets on which the winding is wound to simulate eddy-current losses) and a stator (a ferrite rod with a winding). All materials used in the physical model correspond to Table 1 .
To simplify the experimental studies, it was assumed that all of the losses (14.84 watts) centered on the shaft and rotor. These losses were modeled as follows: on the rotor of a physical model of MEEC located nichrome winding resistance of 7.7 Ohms at which transmits a constant current of 1.4 A. 1.4 A current intensity was chosen to ensure equality of losses in the physical model (since the losses in it are generated by current) with aerodynamic losses and bearings losses of the real MEEC. Aerodynamic losses and bearings losses of real MEEC are shown in Table 1 , so that the total losses generated in the windings of the physical model were 15 watts. All measurements were carried out at ambient temperature of 25 • C and at atmospheric pressure. The physical model was made with steel, fully enclosed housing (bearing shields have been installed). Temperature measurements were carried out on the outer surface of the housing. For the purity of the experiment, the temperature measurement was carried out simultaneously by three devices: a thermal imager Testo 881-2, pyrometer Python 105 and a thermocouple. In view of the fact that the housing of a physical model has a shiny surface, a piece of black adhesive tape was applied on the surface of the housing in order to assess the thermal state by the thermal imager. This allows to accept that the reflection coefficient of thermal imager equal to 0.87. Figure 3 shows the stand for experimental studies. As a result of the experimental studies, it is found that the value of losses is 15 watts; maximum temperature of MEEC housing is not more than 65 • C; the temperature of the rotor and HCPM reaches 150-155 • C; the temperature of stator magnetic core is 80-85 • C.
There are no imposed losses on the stator, so the predicted value of heat release of the magnetic core of a stator is no more than 100-110 • C (taking into account losses and their low value).
The obtained results of the thermal state of MEEC using the method of physical analogies were compared to the analytical calculations presented above and to the results of experimental studies of MEEC with similar power obtained in [6] . The results of the comparison are shown in Figure 6 . It can be seen from Figure 6 that the proposed mathematical description and the method of physical analogies show small discrepancies from the results of the experiments given in [5] . The discrepancy is not more than 10% which is a good result. It should be noted that both methods used allow to study dynamic thermal processes.
Thus, dynamic indices of its heating and the temperature of the active parts were identified in the experimental studies.
The study of the influence of temperature on the characteristics of HCPM (residual flux density and coercive force), electric steels and magnetic alloys are presented in various papers [17] . At the same time, there are no publications describing experimental studies of the magnetic flux density changes in the air gap of electromechanical energy converters with HCPM when the HCPM are heated. Also there is no analysis of the impact of this change on the efficiency of MEEC. A similar situation occurs in studies of changes in the specific losses in amorphous steel when the temperature changes. All of the studies presented in the publication are related to electrical steel or soft magnetic materials at frequencies of 50 and 400 Hz, and there are no studies of specific losses changes in amorphous steels at high frequency magnetization reversal. It also does not show the heating effect on the rotor friction losses of air in the air gap. It is a very important issue for slotless MEEC where this type of losses can reach up to 15-20% of the total volume of losses.
Experimental Studies of the Effect of the Temperature of the Stator Magnetic Core on the Efficiency of the MEEC
Specialized installation for experimental studies of the dependency of specific losses in the stator magnetic core on the temperature at high frequency magnetic reversal was designed in the Department of Electromechanics of USATU.
Experimental studies were carried out according to the measurements procedure laid down in the instruction manual 4276.020.20872624.2009 [18] . Measurements of specific losses were made in normal climatic conditions at the temperature of the samples not more than 23 • C at the relative humidity of 25% and at a temperature not exceeding 70 • C (for research at a temperature of not more than 70 • C sample was subjected to heating in a muffle furnace). After the studies of a sample in a hot condition, measurements in the cold state at a temperature not exceeding 23 • C were carried out. Measurement of the mass of the samples was carried out on an electronic scale with accuracy less than 0.01 grams.
In this installation, measurements of the specific losses were made at different temperatures in the ring samples of amorphous steel of two different types (type E and T of 5BDSR brand production of Asha Metallurgical Plant [19] , the saturation flux density of 1.3 T).
As a result of experimental studies, it was found that when the temperature of stator magnetic core made from amorphous steel 5BSDR type T (linear hysteresis loop) was increased by 50 • C, specific losses in the stator magnetic core were reduced by 15%. When the temperature of the stator magnetic core made from amorphous steel 5BSDR type E (rectangular hysteresis loop) was increased by 50 • C, specific losses in the stator magnetic core were reduced by 14%.
Thus, the experimental results show that with the increase of the temperature of the stator magnetic core made from amorphous steel, specific losses are reduced by 15%. These results may have a special value not only for the design of the MEEC with magnetic core made from amorphous steel but particularly for the magnetic cores of transformers, wherein the amorphous steel is widely used.
Losses in the magnetic core of MEEC in operation will also be reduced due to lower energy characteristics of HCPM and thus decrease the flux density in the magnetic core. The magnitude of this reduction will be assessed after the experimental studies of the effect of temperature on the HCPM on magnetic flux density in the air gap of MEEC.
Experimental Studies of the Effect of Temperature on Energy Characteristics of the HCPM and Efficiency of MEEC
An experimental installation was developed to study the changes of the flux density in the air gap and to analyze the effect of changes on the efficiency of MEEC. Experimental installation comprises a magnetic system made of steel laminated with 3411 sheets of 0.35 mm thick. Non-magnetic lining is arranged on the surface of the magnetic system to monitor the air gap (air gap of 4 mm between the HCPM and the pole of the magnetic system). Heating of the HCPM was made by two electric heaters. One electric heater directly heats the HCPM, and the other heats magnetic system. The magnetic flux density in the air gap is measured by the Hall sensor (temperature coefficient of the Hall sensor is 0.02%/K) connected to milliteslameter TPU-05. Temperature measurement is carried out using a thermocouple connected to multimeter.
As the sample in experimental studies HCPM Sm 2 Co 17 by rectangular shape (30 × 20 × 10) was used with the initial characteristics: B r = 1.08 T, the coercive force by flux density H b = 692 kA/m, and the maximum operating temperature is 350 • C. This type of HCPM was chosen because exactly this type was used in MEEC designed by Onera ( Table 1) .
As a result of experimental studies, the values of the magnetic flux density in the air gap of the experimental installation (B δ ) for different temperatures of HCPM (HCPM) based on alloy Sm 2 Co 17 were determined which by interpolation were transformed into the dependence.
As a result of convective heating of HCPM based on the Sm 2 Co 17 alloy it was found that with the increase in temperature from 80 to 120 • C the flux density in the air gap of the experimental setup decreased linearly from 0.471 to 0.455 T (by 3.3% or 0.85% by 10 • C). With an increase in temperature from 120 to 150 • C (the value of the temperature of the HCPM obtained during the experimental studies of the thermal state of the MEEC) the flux density decreased sharply from 0.455 to 0.438 T (by 3.8% or 1.3% by 10 • C) along a curve close to the exponential curve.
In the subsequent cycles of cooling-heating of HCPM based on the Sm 2 Co 17 alloy the curves characterizing the dependence of magnetic flux density on temperature differed by less than 1%.
It is important that the major consumers of MEEC (as part of an object in which it is installed) are systems with constant power consumption. Then at the operating temperature of HCPM as a part of MEEC with the parameters of Table 1 , the magnetic flux density in the air gap of MEEC decreases by 6%. Constancy input of mechanical power and the constancy of electric power consumption will increase the linear current load of MEEC and accordingly increase the current value by 6% too. Given that the resistance of copper at a temperature of 100-110 • C is also increased by 38%, the ohmic losses in the stator winding increase 1.55 times.
Idealized linear relation of current and the magnetic flux density in the air gap of MEEC was adopted when evaluating the change of the linear current load and the magnetic flux density. In a real MEEC, the increase of the linear current load will lead to an increase of demagnetization action of armature reaction and additional heating of the winding and consequently will lead to increased resistance. Preliminary calculations including all the described processes showed that the losses in the winding of real MEEC in a cold state and 10 minutes after the start of operation may vary 1.6-1.65 times.
The change of magnetic flux density in the air gap will not only increase the current but also reduce the magnetic flux density in the magnetic core of stator which also will reduce the losses in the stator magnetic core. To estimate this reduction, a computer model with geometrical dimensions presented in Table 1 was developed in the software package Ansoft Maxwell, and a computer modeling of the magnetic field distribution on the cross section of the stator magnetic core of MEEC was made. Figure 7 shows the simulation results for the cold MEEC (at 23 • C). The heating of HCPM until 150 • C leads to the decrease of magnetic flux density in the stator magnetic core by 6-6.5%. Taking into account the dependence of specific losses on amorphous alloys by flux density then further heating leads to a reduction of losses in the stator magnetic core by 13-15%.
Thus, heating of the HCPM during operation in MEEC with the parameters according to Table 1 increases the current in the windings due to the increase of the linear current load. Since increase of resistance in the windings increases losses in MEEC 1.6-1.65 times, the losses in the stator magnetic core are reduced 1.13-1.15 times by reducing the magnetic flux density in it. The total losses in the stator magnetic core (including the increase of the temperature) will be 1.3 times less than in the cold state.
When the permanent magnets are heated, eddy current losses change too in addition to the increase of the losses in the stator and windings. But since we use a toroidal winding, the eddy current losses are insignificant and may be disregarded, which was proved by Zwyssig et al. in [4] . The change in losses in permanent magnets caused by temperature must be taken into account when using a different type of winding, for example, a tooth-coil winding
EFFECT OF INCREASE OF THE AIR TEMPERATURE ON THE EFFICIENCY OF MEEC
In addition to the properties changes of the active materials of MEEC by heat, there is also a change of air properties inside MEEC (decreased density and kinematic viscosity increases). This will undoubtedly lead to a change of friction losses in the rotor around the air.
Known models of aerodynamic losses do not take this into account, but any change in losses can affect the efficiency when it comes to MEEC with low power.
Therefore, it is necessary to make corrections into the known model of aerodynamic losses [6] . The calculation scheme for making corrections is shown in Figure 8 . It is known that the magnitude of the friction coefficient of the rotor with air is determined by the Reynolds and Taylor numbers:
where ς -kinematic viscosity of air; R r.w. -radius to winding; δ -air gap of MEEC; Ω -rotor speed; R r -radius of the rotor with the shroud. The coefficient of friction of the rotor with an air gap for the zone without winding is adopted in the form:
where δ s -distance in a zone not occupied by a winding. The Reynolds number can be rewritten in a general form taking into account the fact that the kinematic viscosity of air depends on its temperature:
where ς(T, p a ) -kinematic viscosity of air at a certain temperature and pressure; R i -radius of rotating part of rotor or shaft; p a -air gap pressure. Then taking into account the fact that the air density also depends on the temperature, the aerodynamic losses of the rotor for the slot zone are determined in the form:
where l 3 -active part length; b w -the width of the zone occupied by the winding. And for the stator zone with winding:
where z -number of stator windings; b z -band width without winding; ρ air (T ) -air density at a certain temperature. Provided that the air temperature is the same over the entire surface of the air gap, the total aerodynamic losses of the shaft with the rotor according to the calculation scheme are defined as:
where l 1 , l 2 -lengths of the first and second shaft stages, respectively; R δ1 , R δ2 -radii of the first and second shaft stages, respectively; δ 1 , δ 2 -distances from the first and second stages of the shaft to the housing, respectively. Calculations were made for four temperatures (23 • C 50 • C, 100 • C, 160 • C), and the kinematic viscosity of the air and its density were taken into account in the calculations. The results of the calculations are shown in Figure 7 .
It can be seen from Figure 7 that with increasing temperature the rotor's losses due to friction against air increase (when the temperature is increased 5 times from 23 • C to 100 • C, the losses increase 1.15 times).
RESULTS AND CONCLUSION
To sum up the studies will be useful to make comparisons of losses and efficiency of MEEC in a cold state and after 10 minutes of operation without cooling. The results of this comparison are shown in Table 2 (the change of losses in the bearing supports under the influence of temperature is not taken into the account). Thus, the obtained results show that with the increase of the heat release of the MEEC losses in active elements increase from 5.14 to 7.03 W (1.36 times) and, accordingly, the efficiency is reduced by 2.8%. This suggests that when designing electric machines with permanent magnets, the efficiency should be calculated at the operating temperature. The simulation result revealed that when the permanent magnets of MEEC heated to 150 • C, the flux density in the stator magnetic core is reduced by 6-6.5%, and this (taking into account depending of specific losses for amorphous alloys from flux density) will reduce further losses in the stator magnetic core by 13%-15%.
Thus, the heating of the permanent magnets (during operation of MEEC) increases the current in the windings by increasing the linear load current while (also taking into account the increase in the resistance) losses in the windings increased by 1.6-1.65 times, and losses in the stator magnetic core (by decreasing the flux density in the magnetic core) decreased by 1.13-1.15 times. A complete reduction in losses in the stator magnetic core (including the increase of its temperature) will be 1.36 times (compared with the cold state).
Moreover, a mathematical apparatus for the analysis of dynamic thermal processes in MEEC with high accuracy was obtained.
Based on the obtained results, it is possible to accurately predict the thermal state of the MEEC in various moments of its operation which allows estimation of the power produced by the MEEC. In particular, we have definitely determined the exact operating time of a microgenerator without a cooling system for a UAV power supply system using the proposed method. The running time was 10 minutes. It has also defined a change in the produced power. This provided an opportunity for developers of a UAV to select the optimal fuel reserves to be used on board. Moreover, this allows calculation of the optimum trajectory of the apparatus. Optimal modes of power consumption on UAV were selected on the basis of our research.
It would be helpful to consider the further degradation. After 20 minutes of operation (due to the heating of permanent magnets and the deterioration of energy properties), the power of the machine will be reduced by 2 times. 30 minutes of operation will melt the insulation.
